The electrical response of 2nS:Mn alternating-current thin-film electroluminescent devices grown by atomic layer epitaxy (ALE) is studied by systematically varying the characteristics of the standard driving waveform.
The electrical response of 2nS:Mn alternating-current thin-film electroluminescent devices grown by atomic layer epitaxy (ALE) is studied by systematically varying the characteristics of the standard driving waveform.
Charge-voltage, capacitance-voltage, and internal charge-phosphor field analysis are used to accomplish electrical analysis. The turn-on voltage, polarization charge, conduction charge, leakage charge, relaxation charge, preclamping interface state density, and steady-state phosphor field are all monitored as a function of the driving waveform for both polarities. The electrical response is found to be asymmetric with respect to the polarity of the applied voltage pulse; this asymmetry is attributed to an asymmetry of the interface state density and to the existence of space charge within the ALE-grown phosphor layer.
I. INTRODUCTION II. EXPERIMENTAL PROCEDURE
The electrical characteristics of evaporated ZnS:Mn A. ACTFEL device structure alternating-current thin-film electroluminescent The ACTFEL devices are fabricated at Planar Inter-(ACTFEL) devices subject to various driving waveforms national and grown by ALE. The ALE device consists of a have been reported recently."2 The purpose of the work 5500 A ZnS:Mn phosphor layer which is sandwiched bereported herein is to perform a similar study of ACTFEL tween two insulator layers of aluminum-titanium oxide devices grown by atomic layer epitaxy (ALE). Specifically, (ATO) where each insulator layer is approximately 2700 the turn-on voltage, V,, , polarization charge, Q,i , conduc-A thick. Aluminum and indium-tin oxide (ITO) election charge, aond, leakage charge, Qleak, and relaxation trodes are employed as top and bottom contacts, respeccharge, Qrelax7 are measured as a function of the maximum tively. The ALE device is aged for 12 h at room temperaapplied voltage, V,, , pulse width (PW), and rise/fall ture to insure that the stability of the ACTFEL device is time ( RT/FT) , of the driving waveform. Furthermore, the not a factor in our experiment.
phosphor field at turn-on (i.e., when conduction in the phosphor is initiated), F,, , the steady-state phosphor field, B. Electrical characterization P,,, and the interface state density in the preclamping regime, Q= , are assessed as a function of V,,, . Additionally, Electrical characterization is accomplished using the Vto, Qpol, Qoond, Qlea, Qrelax9 Fto, Fsst and Q,, are meacircuit shown in Fig. 1 . A series resistor, R,= 200 s1, is sured for both polarities of the driving waveform voltage used. The sense element in Fig. 1 is a current sense capacpulses. It is necessary to monitor these quantities as a funcitor, C,= 10 nF, which is used for all measurements except tion of the polarity of the driver voltage pulse for ZnS:Mn for C-V analysis, in which case a current sense resistor, ACTFEL devices grown by ALE because the electrical R,=7.6 a, is used. The standard driving waveform emcharacteristics of these devices exhibit a polarity-dependent ployed is obtained using an arbitrary waveform generator asymmetry; in contrast, evaporated ZnS:Mn ACTFEL de-(Wavetek model 275) in conjunction with a high voltage vice characteristics are found1*2 to be symmetric with reoperational amplifier (Apex PA-85) and is symmetric with spect to polarity. We believe that the polarity-dependent alternating bipolar pulses of trapezoidal shape with 5 ps asymmetric nature of these ALE-grown ACTFEL devices rise and fall times and a pulse width of 30 ps. Variations in can be attributed to an asymmetry of the interface state the PW and RT/FT, as well as V,,,, around these standensity and to the existence of space charge in the ZnS dard waveform values are made for the systematic study.
phosphor. The frequency of the waveform is 1 kHz.
V,, is measured using the charge-voltage (Q-V)
Q-V analysis is accomplished6 by acquiring v2( t) and t=fique.36 Qppol, Qco,,d, QI,k , Q,I,, ad F,, are assessed v3 (t), as indicated in Fig. 1 , using a digitizing oscilloscope using a new method,7 the internal charge-phosphor field (Tektronix model 7854) and plotting the external charge, r.f(t), vs v2(t) -us(t) where (Q-F,) technique. Q,, is evaluated from the capacitancevoltage (C-v> technique8~9 and Ft,, is calculated from Q,,, and Vtol as assessed from the Q-F, and C-V techniques, respectively, where Vtol is the turn-on voltage at the initiation of conduction in the phosphor.8*9 4Yd =cP3(d.
(1) Q-F, analysis is achieved by plotting the internal phosphor charge, q(t), versus the phosphor electric field, FP ( t) , where7
(where Ci and C' are the insulator and phosphor capacitances, respectively) and (3) (where dp is the phosphor thickness). The C-V curve is obtained829 by plotting the dynamic capacitance as a function of the voltage across the ACTFEL device, C( v2-us), given by versus the voltage across the ACTFEL device b~(~>-s(~)l.Th e current, i(t), is obtained from the voltage across the current sense resistor
In this article we employ the convention6 that external charge (i.e., the externally measured charge) is denoted by the superscript e, whereas no superscript is used to distinguish internal charge (i.e., the actual charge stored or flowing within the phosphor layer).
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Ill. EXPERIMENTAL RESULTS AND DISCUSSION
A. Q-V and Q-F,, curves A typical Q-V curve is shown in Fig. 2 and a corresponding Q-F, curve is indicated in Fig. 3 . Labels A through J are used to designate6*7 certain points in the Q-V and Q-F, curves; these labels are also used in Fig. 4 to show the corresponding critical points in the external voltage waveform.
Some of the electrical response variables used in the systematic study (i.e., Vto, Qpol, Qcond, C?leak, Qrelax, and F,,) are indicated in Figs. 2 and 3. Each of these quantities is designated by a + or -superscript corresponding to the relevant polarity of the applied voltage pulse. This superscript designation is necessary because the ALE ZnS:Mn ACTFEL devices under investigation are electrically asymmetric with respect to the polarity of the voltage pulse. The turn-on voltage, V,, is the external voltage at which conduction in the phosphor occurs. Note that V,, is extracted from a Q-V curve; this is equivalent to what is denoted V,, in a C-V curve.8P9 Qs,,, , the internal polarization charge, is the stored charge remaining at the phosphor/insulator interface just prior to the onset of the next voltage pulse. Qcond, the conduction charge, is the charge transported across the phosphor during the voltage pulse; this charge is responsible for the impact excitation of luminescent impurities and, hence, gives rise to light emission. Qleak, the leakage charge, is the polarization charge decay arising from the emission of electrons from relatively shallow interface states during the zero bias portion of the applied voltage waveform. Q,,t,, the relaxation charge, is the conduction charge which flows across the phosphor during the portion of the waveform at which the applied voltage is constant at its maximum value; the phosphor field relaxes during this portion of the waveform; hence, the designation, relaxation charge."" F,, , the steady-state phosphor field, is the phosphor field which is approximately constant during a portion of the applied voltage waveform in which the external bias is rising; steady-state occurs when the emission rate from interface states is large enough that the field reduction rate concomitant with electron transfer across the phosphor compensates the external, applied voltage slew rate."
Note from Fig. 2 that E and J are extrapolated intercepts whereas points E' and J' are the actual intercepts. The curved EE' portion of the Q-V curve of an ALE ZnS:Mn ACTFEL device differs from that of an evaporated ZnS:Mn device in which the entire D to E portion of the Q-V curve is linear.7 Additionally, the ALE device has a significantly larger fraction of leakage charge compared to that of an evaporated device. The charge between E and E' and J and J' is a leakage charge which flows before the voltage pulse has reached zero bias. This preleakage charge begins to flow even before the external bias is reduced to zero because of the very high polarization field existing within the phosphor.
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.,I _ I . . Fs, is assessed, as shown in Fig. 3 , as the flattest portion of the Q-Fp curve between B and C or G and H. In contrast to evaporated ZnS:Mn ACTFEL devices, ALE ZnS:Mn devices do not display hard field clamping (i.e., F,, is a function of V,,,ax).7 In fact, a region in which the phosphor field exhibits overshoot is usually found when a negative voltage pulse is applied to the Al electrode; this occurs near G in the Q-F, curve, as shown in Fig. 3 . We attribute this phosphor field overshoot as arising from the build up of space charge in the phosphor, as discussed later.
B. Systematic electrical trends
Figures 5-13 summarize the main experimental trends arising from a systematic variation in the driver waveform parameters. It is evident from these figures that the trends in ALE devices are similar to trends previously established for evaporated ZnS:Mn devices in that V,,, has the most effect and RT/FT the least. However, upon further inspection, certain aspects of the ALE device trends are quite different than those reported for evaporated devices. Systematic electrical trends with respect to variations in V,,, , PW, and RT/FT are discussed in the following subsections. A more detailed discussion of the V,,, trends is given since these trends are the most significant. As shown in Fig. 5 , V,, decreases steeply, saturates, and then increases with increasing V,,,. Q,, increases while V, decreases and then saturates while V,, saturates or increases. These trends are explained as follows. V, initially decreases because of the increasing magnitude of QPol and the concomitant increase in the polarization field in the phosphor which aids the external field, thus reducing the external voltage required to initiate tunnel emission from interface states. When QPol saturates the magnitude of the polarization field which aids the external field also saturates; thus, V,, saturates. The rise in V, for V,, 2 220-230 V is attributed to the fact that deeper interface states supply the transported charge at these large Vmax)SAs mdicated in Fig. 5 , QIeak increases monotonically with increasing V,,,,, but with a larger slope at larger V,, . Qteak increases at a moderate rate while Q,,, increases. QIti increases at a distinctly faster rate when Q,t saturates. Thus, the amount of charge which is emitted from the interface and leaks back across the phosphor (i.e., Q,& depends on the magnitude of the polarization field in the phosphor; when the phosphor field reaches a certain value most of the extra charge transported across the phosphor ~ during the voltage pulse very quickly leaks back once the voltage pulse is removed. Figure 6 shows that both and and Qrelax monotonically increase with increasing V,, . However, note that the slope of the Qcond-V,, curve decreases slightly at larger V,,,'s. This decrease in slope indicates that less conduction charge is available for a given increase in V,,, . This trend is consistent with the saturation of QPol and the increase in Qteak observed in Fig. 5 . Also, this trend can be understood quantitatively, with the aid of Further V,, trends are plotted in Figs. 7 and 8. F,, , as assessed from the Q-F, technique, is plotted as a function of vnmx in Fig. 7. I; ;, vs V,, where F,, is given by" is also indicated in Fig. 7 ,,+,,lQ;,l +Gl V&I to dJG+CJ 'I
where the superscripts identify the appropriate polarity of the relevant quantity. Ci is taken as 0.32 nF, as calculated from the thickness and dielectric constant. Qpol is evaluated using the Q-F, technique and V,, is the turn-on voltage corresponding to the initiation of conduction in the phosphor, as deduced from a C-V measurement.8'9 Absolute values of relevant quantities in Eq. (3) are used to avoid confusion with signs. Finally, Q,, is plotted as a function of V,, in Fig. 8 . Q,, is the density of interface states in the prefield clamping regime. Q,, is evaluated from a C-V curve as f0110ws? (8) where A is the ACTFEL device area, C, is the total capacitance of the ACTFEL stack, and the term in the square brackets is the slope of the transition region of the C-V curve. Note that Figs. 7 and 8 show a very distinct voltage polarity-dependence; in contrast, the trends exhibited in Figs. 5 and 6 are essentially polarity-independent, although the actual magnitudes of the quantities measured do depend somewhat on the voltage polarity. Thus, it appears that the phosphor field and interface state asymmetries account for the -50% difference12 in brightness with respect to polarity of these ALE 2nS:Mn ACTFEL devices. Furthermore, since the magnitude of the phosphor field ultimately depends on the interface state density and presence of space charge within the phosphor, it is actually interface state density and space charge asymmetries which lead to the polarity dependence of the brightness.
Care must be taken when interpreting Fig. 8 . Recall that Q,, is the density of interface states in the prefieldclamping regime. Figure 8 indicates that Q,, is constant or decreases as V,,, increases for the top and bottom interfaces, respectively. In contrast, it is crucial to recognize that QPol reflects the total number of electrons stored at the interface and QPol increases with increasing V,,,,, for V,, 5 200 V, as shown in Fig. 5 . Thus, more electrons are accommodated in interface states at a larger V,,; Q,, constitutes only a portion of the total number of interface states emitted during the initial portion of a voltage pulse.
It is evident from Fig. 7 that F,, and F,, exhibit similar trends with respect to V,, . For V,,, 5 200 V, FL and FL increase with increasing V,,, while Fs; and Ft; are nearly constant. For V,,, 2200 V, F$ and F;t; saturate whereas Fs; and Ft; increase with increasing V,,,,, . Complementary information is available from Fig. 8 which shows QS; to be constant while Qi first decreases with increasing V,, and then increases.
We attribute the trends displayed in Figs. 7 and 8 as arising primarily from the asymmetry of the interface state distributions of ALE ZnS:Mn ACTFEL devices. The fieldclamping trends exhibited by Ft; and Fs; for V,,, S 200 V are attributed to an interface state distribution of the top interface which abruptly increases at a certain energy to a large density. This contention, that the interface state distribution is abrupt for the top interface, is supported by the Q,, trends shown in Fig. 8 . In contrast, the FL and FL trends shown in Fig. 7 indicate that field-clamping does not occur when electrons are emitted from the bottom interface. It is possible that this absence of field-clamping arises from shallow interface states that are distributed over a larger range of energy. However, we prefer to attribute the absence of field-clamping, indicated by the F$ and Fz trends shown in Fig. 7 , as due to the emptying of bulk traps (i.e., a portion of the electrons emitted from the bottom interface are sourced from traps located within the bulk phosphor near the bottom interface);13 F: and FL increase with increasing V,, because of the presence of this bulk trapped charge and the concomitant nonuniform phosphor electric field. Further evidence that bulk trapped charge is responsible for the observed lack of fieldclamping is provided by the C-V characteristics, as discussed later.
FL and FL shown in Fig. 7 saturate and are constant with respect to V,, for V,,R 200 V. This saturation is due to the fact that although more charge is conducted across the phosphor at larger V,, (see Fig. 6 ), this additional charge leaks away from the bottom interface and does not lead to an increase in the polarization charge (see Fig. 5 ) so that the total interface charge saturates. F; and F,;, increase with increasing V,,,, for 2 200 V; this is attributed to an unclamping of. the quasi-Fermi level because of the build-up of space charge in the phosphor and a concomitant increase in the phosphor field. Note that Ft; and fS; in Fig. 7 track together with increasing V,, for V,,, 2 200 V. We believe that this is associated with electron multiplication concomitant with the build-up of space charge. Evidence for space charge in ALE ZnS:Mn ACTFEL devices is discussed later.
In summary, the trends exhibited in Fig. 7 are explained as follows: For V,,, d 200 V, F& , and FL are constant because of field-clamping due to the relatively large and abrupt interface state density present at the top interface while FL and Fz increase with increasing V,,, due to a lack of field-clamping associated with the existence of bulk phosphor traps near the bottom interface. For V max 2 200 V, F;t; and FL saturate because of the presence of an exceedingly large polarization field which results in increased leakage charge and a saturation in the polarization charge, whereas FtT and Fs& increase with increasing V,,,,, because of the build-up of space charge in the phosphor.
PW trends
Systematic trends with respect to PW are illustrated in Figs. 9-12. As shown in Fig. 9 , V,, monotonically decreases with increasing PW. Qpol, Qlak, Qcond, and Qrelax all monotonically increase with increasing PW. The V,, trend is simply explained as a consequence of how Qpol and, hence, the polarization phosphor field, varies with PW. Qpol increases with increasing PW because V,, occurs over a longer duration and, therefore, more conduction charge flows. Qleak increases slightly with increasing PW because of the increase in the phosphor polarization field.
The general trend exhibited in Fig. 11 is for F,, and F,, to increase and then saturate with increasing PW. This trend is a simple consequence of the corresponding increase in Qr,,, and the polarization phosphor field. As shown in Fig. 12 , Q,, is relatively insensitive to PW. Note that F,, and Q,, have the greatest amount of polarity dependence of all the quantities plotted in Figs. 9-12 ; this underscores our previous contention that it is primarily a difference in the interface state density of the two interfaces which is responsible for the polarity-dependent luminescence properties of ALE ZnS:Mn ACTFEL devices.
RTIFT trends
RT/FI systematic trends are not displayed but showi that Vto decreases slightly with increasing RT/FT due to the small increase in Qpol. This effect is quite small. It is also found that Qcond, Qw, Qrelax, Q,,, F,, , and F,, are almost constant with respect to variations in RT/FT, thus, these trends are not shown. In conclusion, variations in RT/FT lead to no significant changes in the ACTFEL response to measurable-quantities.
C. Space charge
Figures 3 and 13 provide evidence for the existence of space charge15-17 in an ALE ZnS:Mn ACTFEL device. C-V curves are plotted as a function of V,, for an ALE ZnS:Mn ACTFEL device subject to negative voltage pulses to the Al electrode in Fig. 13 . Note that these curves exhibit a C-V overshoot in the initial portion of the insulator capacitance region and that this overshoot is more pronounced at larger V,, 's. This C-V overshoot is also manifest as a phosphor field overshoot which occurs near point G in Fig. 3 ; the magnitude of this field overshoot is more evident at larger V,, also.' We attribute these C-V and phosphor field overshoots as arising from the build-up of space charge in the phosphor near the bottom interface.
The expected insulator capacitance, Ci, calculated from the known dielectric constant and thicknesses of the insulator, is 0.32 nF, as indicated in Fig. 13 . The measured capacitance in the Ci region of the C-V curve is significantly greater than 0.32 nF, this is consistent with the existence of space charge in the phosphor. Figure 14 shows C-V curves as a function of V,,, for an ALE ZnS:Mn ACTFEL device subject to positive pulses to the Al electrode. Note the absence of C-V overshoot in these curves. Also, notice that the measured Ci is in much closer agreement to the calculated value than that found in Fig. 13 . These observations suggest that very little, if any, space charge build-up occurs in the phosphor when a positive voltage pulse is applied to the Al electrode. Thus, the preceding observations suggest that there is an asymmetrical build-up of space charge in ALE ZnS:Mn ACTFEL devices. However, a comparison of Figs. 13 and 14 indicates that some of the charge sourced from the bottom interface is emitted from bulk traps. Evidence for bulk trap emission is deduced as follows. Note in Fig. 14 that the initial portion of the GV transition (i.e., what is denoted Vtol in Ref. 9) is ill-defined, begins at a very low applied voltage, and is essentially independent of V,,; such C-V characteristics are interpreted as evidence that a portion of Qcond arises from the emission of bulk trap states. In contrast, when Qoond is sourced exclusively from interface states, Vtol depends strongly on V,, and the initial portion of the C-V transition is much more well defined. I3 The issue of assessing the insulator capacitance, Ci, in ALE ZnS:Mn ACTFEL devices warrants further discussion. Careful assessment of C-Y characteristics as a function of aging time,18 as well as C-V characteristics such as shown in Fig. 13 and 14 , indicate that Ci measured from a C-V curve is not a constant value but significantly varies with aging time and V,, and even changes slightly with variations in PW and RT/FT. Thus, Ci should be more accurately referred to as an "effective" insulator capacitance in the case of ALE ZnS:Mn ACTFEL devices (note that Cj is a constant in the case of evaporated ZnS:Mn ACTFEL devices8*9*"). We believe that Ci is not a constant primarily because of the build-up of space charge in the phosphor and because of Cl migration in the case of aging. All of the quantities plotted in Figs. 5-12 which depend on Ci (k Q,,I 9 Qleak, f&,,,d, QA,, Q,, , Ft,, ad F,,) are evaluated using a variable value of Ci which is estimated using a Q-F, flitting procedureI in which a family of C, curves is generated using various values of C, and Ci is chosen as the value which yields a Q-Fp curve with the most vertical F,, region. The maximum variation in Ci as assessed from this Q-F, fitting procedure is 0.02 nF in the case of V,,, variations when the Al electrode is positively biased. Using a constant or variable value of C' does not The origin of this build-up in space charge is believed" to be associated with the impact ionization of zinc vacancies, giving rise to a region of positive space charge located near the bottom interface. The zinc vacancies are thought to be located near the bottom interface. Impact ionization of these zinc vacancies reduces the average phosphor field slightly and reduces the phosphor field near the anode interface significantly, as shown in Fig. 15 . Figure 15 (a) shows an energy band diagram at the initiation of electron emission from interface states. Electrons occupying interface states are indicated as negative charge at the right interface while positive charge denotes empty interface states. Figure 15 (a) shows an emitted electron impactionizing a zinc vacancy near the anode interface. Figure  15 (b) shows the energy band picture after impactionization of zinc vacancies and the existence of positive space charge due to this ionization. Notice how positive space charge in the phosphor slightly reduces the average field and significantly reduces the phosphor field near the anode.
We believe that it is the build-up of this space charge which explains why Ft; and Fs; in Fig. 7 track together for V 2200 V. That is, electron multiplication due to impG?ionization of zinc vacancies results in a value for Fs; very close to that of Ft;; and less thanit would be without electron multiplication.
Additionally, it is evident from Fig. 15(b) that in the presence of space charge Fs; deduced experimentally (i.e., the average field) is smaller than the actual cathode field which induces electron emission from interface states.
A systematic study of the electrical characteristics of ALE ZnS:Mn ACTFEL devices subject to parametric variations in V,,, PW, and RT/FT is presented. Changes in V,, lead to the largest changes in the electrical performance of the ACTFEL device. Such ALE ZnS:Mn ACTFEL devices are known to exhibit luminance properties which are polarity-dependent. This polarity-dependent asymmetry is attributed primarily to an asymmetry of the interface state density. Additionally, a polarity-dependent build-up of space charge in the ZnS is a secondary cause leading to the asymmetric properties of the ACTFEL device.
